Myrmica ruginodis Nylander 1846 workers either of different ages, or having their food at different distances from the nest, or receiving different diet were submitted to identical operant conditioning. Very young ants (callow ants) could not be visually conditioned. Ants one to two years old rapidly acquired visual conditioning, presenting a score of 90% after 70 hrs and going on presenting a score of 80 %, 369 hrs after training ended. Old ants acquired visual conditioning with difficulty, reaching only a score of 65% and retaining nothing of their conditioning. Ants having their food at 5 cm from their nest acquired 85% of conditioning in 2 days and memorized 75% of it; those having their food at 10 cm from their nest acquired 80% of conditioning in 3 days and retained 65% of it; the ants having their food at 15 cm from their nest (e.g. in the vicinity of their cemeteries) acquired 75% of conditioning in 3½ days and remembered 60% of it. Conditioning is thus more efficiently acquired when individuals' activity is limited. Ants having received no sugar could not acquire conditioning; those having eaten sugar could be easily conditioned. The quantity of sugar provided slightly impacted the ants' conditioning: the ants consumed only what they needed. The influence of the three factors examined -age, activity, diet -allows us to understand some trends of the ants' life and is valuable in the context of other animal species.
Impact of Age, Activity and Diet on the Conditioning Performance in the Ant Myrmica ruginodis Used as a Biological Model (Hymenoptera, Formicidae)
Introduction
Habituation and imprinting, then conditioning and learning are animals' essential abilities which, with several other abilities such as kin recognition and navigating, often allow their survival (Pearce, 1997) . Classical and operant conditioning has largely been studied in many vertebrate and invertebrate species. Famous authors can be cited: Vertebrates: Pavlov (1927) , Watson (1925 Watson ( , 1932 , Skinner (1938 Skinner ( , 1966 ; Invertebrates: Matsumoto, Menzel, Sandoz and Giurfa (2012) , Laloi et al. (1999) .
The conditioning method impacts individuals' performances. For instance, harnessed ants are generally very quickly conditioned (Guerrieri & d'Ettorre, 2010) while free moving ones acquire similar conditioning more slowly (Schwarz & Cheng, 2010) . The same occurs for bees (Giurfa, 2003) . Other factors may also influence the animals' conditioning score and memory, i.e. age, activity, diet.
It is known that age and experience influence ants' kin recognition (Gronenberg, Heeren, & Hölldobler, 1996) and that ants' spatio-temporal learning depends on the individuals' age (Cammaerts, 2013a) . In fact, age-polyethism obviously exists in social insects and has largely been examined (Hölldobler & Wilson, 1990) . Personal observations lead to the supposition that individuals' activity also influences their ability in acquiring conditioning: for instance, during nest relocation, conditioning could nearly not be obtained. It has also been shown that diet affects bees' health (Alaux, Ducloz, Crauser, & Le Conte, 2010) and that caffeine boots these insects' memory (Chittka & Peng, 2013) .
Ants can easily be maintained in a laboratory throughout the entire year. They are very sensitive and detain plenty of cognitive abilities (Passera & Aron, 2005; Cheng & Wehner, 2002; Dornhaus & Franks, 2008; Chittka & Muller, 2009) . They can also easily be conditioned (Dupuy, Sandoz, Giurfa, & Josens, 2006; Cammaerts, 2004 Cammaerts, a, 2004b . Such conditioning even helped in studying these insects' sensorial capabilities (Cammaerts, 2007) . They are thus excellent and convivial biological models for experimenting on many subjects (chemical communication, navigation systems, social organization), and, among others, on conditioning and its different parameters.
It was decided to use ants as a model, and more specifically the ant Myrmica ruginodis Nylander 1846, to examine the impact of three factors (age, activity and diet) on animals' conditioning. In nature, Myrmica spp workers are expected to live for three years (Cammaerts, 1977) . Myrmica ruginodis inhabits borders of forests, nests under branches where the sky is partly visible together with the canopy. It has rather large eyes (169 ommatidia; Rachidi, Cammaerts, & Debeir, 2008) and uses exclusively its vision in navigating (Cammaerts, Rachidi, Beke, & Essaadi, 2012a) . It can be visually but not olfactory conditioned under lighting condition. When collectively conditioned, these ants acquired a conditioning score of 80% and kept 75% of it after training ceased (Cammaerts & Nemeghaire, 2012) . Our aim was to examine the impact of the three above cited factors (age, activity, diet) on M. ruginodis workers' visual conditioning. It was easy to segregate the workers of a colony into groups of differently aged individuals, to increase or decrease the workers' foraging activity and to modify their usual diet. So, we could performed the three planned studies what allowed us deducing information about ants' patterns of life and extending some findings to other animal species. The present paper relates these works. ants' testing; C: very young ants (Left photo), middle-aged ones (Middle photo) and old ants (Right photo) used for examining the impact of age on the conditioning; D: the ants' food was set at 5 cm (Left photo), or at 10 cm (Middle photo), or at 15 cm (Right photo) from the nest, to study the impact of foraging activity on conditioning; E: impact of diet on the conditioning: a: ants are trained to a green cube set on the watered food, b: ants are trained to a yellow cube set on the meat food, c: many ants collected a 20% sugared water, d: few ants collected a 60% sugared water
Material and Methods

Collection and Maintenance of Ants
The present work was conducted on eight colonies of M. ruginodis. Two large colonies and a small one were collected, in 2010, in the Aise valley (Ardenne, Belgium); one colony was collected, in 2010, at Petigny (Ardenne, Belgium). A very large colony was collected, in 2013, in the Viroin valley, at Treigne (Ardenne, Belgium) and three colonies could be again collected, in 2013, in the Aise valley (Ardenne, Belgium). In each case, they inhabited the borders of forests, under branches, where the sky was partly visible, the ants often nesting under stones. The large colony collected in the Viroin valley was used to study the impact of the individuals' age on their conditioning; the two large colonies collected in 2010 in the Aise valley and that collected at Petigny were used to study the impact of individuals' activity on the conditioning performance; the colonies collected in 2013 in the Aise valley served to examine the effect of diet on the animals' conditioning. The small colony collected, in 2010, in the Aise valley allowed making control experiments.
Each collected colony contained one to four queens, brood (larvae, nymphs) and about 500 workers. The colonies were maintained in the laboratory in artificial nests made of one to three glass tubes half-filled with water, a cotton-plug separating the ants from the water. During the ants' maintenance, the glass tubes were deposited in trays (34 cm × 23 cm × 3 cm), the sides of which were covered with talc ( Figure 1Eb ). The trays served as foraging areas, food being delivered in them. The ants were fed with sugar-water provided ad libitum in a small glass tube plugged with cotton, as well as with a droplet of tap water set on the foraging area and with cut Tenebrio molitor larvae served three times a week on a glass-slide. Some feeding conditions varied in the course of given experiments. Temperature was maintained at 20 ± 2 °C, humidity at about 80%, this remaining constant over the course of the experimentation. The lighting had a constant intensity of 330 lux when caring for the ants (e.g. providing food, renewing nesting tubes) and testing them; during other time periods, the lighting was dimmed to 110 lux. The electromagnetic field had an intensity of 3-5 µW/m 2 .
Experimental Apparatus
Ants' Conditioning
Ants of each experimental colony were collectively visually trained using an experimental apparatus consisting of a hollow green cube constructed of strong paper (Canson ®). The colors have been analyzed to determine their wavelength reflection (Cammaerts, 2007; M.-C. Cammaerts & D. Cammaerts, 2009 ). The cubes were constructed according to the instructions given in Cammaerts and Nemeghaire (2012) . The ceiling of each cube was filled unlike the four vertical faces, this allowing the ants entering the cubes. The hollow green cube of each experimental colony was set over the opening of the cotton plugged tube filled with sugared water ( Figure 1A ).
Each cube was relocated once or twice each day, but never according to a regular itinerary (such as every 12 h or 24 h), and the reward was then renewed if necessary. This was done to avoid the establishment of a trail (M.-C. Cammaerts & R. Cammaerts, 1980) , and to prevent the acquisition of spatial and/or temporal learning by the ants (Cammaerts, 2004a) . The green cube was considered to be the 'correct' choice when the ants were tested as explained below. In one experiment, the ants were also trained using a hollow yellow cube set above the cut T. molitor larvae (as explained in the section '3. Results 3.3', Figure 1Eb ).
Ants' Testing
Ants were individually tested in a Y-shaped apparatus constructed of strong white paper according to the instructions given in Cammaerts, Rachidi and Cammaerts (2011) , and set in a small tray (30 cm × 15 cm × 4 cm), apart from the experimental colony's tray ( Figure 1B ). Each colony had its own testing design. The apparatus had its own bottom and the sides were covered with talc to prevent the ants from escaping. In the Y-apparatus, the ants deposited no trail since they were not rewarded. However, it is possible that they utilized other chemical secretions as traces. As a precaution, the floor of each Y-apparatus was changed between tests. The Y-apparatus was provided with a green cube -or a yellow one, in one experiment -in one or the other branch ( Figure 1B ). The branch was randomly chosen, while also ensuring that half of the tests was conducted with the cube in the left branch and the other half with the cube in the right branch of the Y maze. Control experiments were performed using also such Y-apparatus, on never conditioned ants belonging to the small colony recolted, in 2010, in the Aise valley (see 2.1, end of the first alinea).
To conduct a test on an experimental colony, 20 workers of that colony -randomly chosen from the workers of that colony -were transferred one by one to the area at the entrance of the Y-apparatus. Each transferred ant was observed until it turned either to the left or to the right in the Y-maze, and its choice was recorded. Only the first choice of the ant was recorded and this only when the ant was entirely under the cube, i.e. beyond a pencil drawn thin line indicating the entrance of a branch ( Figure 1B ). Afterwards, the ant was removed and transferred to a polyacetate cup, in which the rim was covered with talc, until 20 ants were so tested, this avoiding testing the same ant twice. All the tested ants were then placed back on their foraging area. To conduct controls, 20 ants of a non-conditioned colony were similarly tested in identicalY-apparatus.
Assessment of the Ants' Response
The ants' responses were quantified during the control and test experiments. In each experiment, the numbers of ants which turned left or right during the control experiments, or which approached the "correct" green (or the yellow) cube, or went to the "wrong" empty branch of the Y were recorded. The mean number of ants which correctly responded per colony was assessed and the percentage of correct responses for the tested ant population was established (Tables 1, 2 and 3) .
For each experiment, the number of correct responses was statistically analyzed using the non-parametric χ² test applied to the experimentally obtained values and the theoretical expectation of identical values for the two branches of the Y maze. Since we did not compare the results of each successive assessment to the same control, the Bonferroni correction must not be applied. Responses were considered as being not significant when P > 0.05 (Siegel & Castellan, 1989) .
Experimental Protocol
In general, tests were performed in the course of time, at least once per day. The start was given by the colored cube deposit on the ants' tray. As soon as the ants' conditioning score no longer changed (neither increased nor decreased), the training apparatus was removed from the foraging area of the colony and tests were once more started, until the ants' memory (or retention) score showed no further change (neither increase or decrease).
Experimental Planning
Impact of Individuals' Age
The large colony collected at Treigne was divided in four smaller ones: one contained the older ants foraging on the tray; a second one was made up of ants located in the foraging area as well as near the nest entrances (outside and inside); a third colony consisted of the very young ants, lighter in color than the first and the second groups, located inside the nest; the fourth colony was made up of the queen and the unselected ants e.g. a few old, middle-aged and young ones. Brood elements (eggs, larvae, nymphs) were equally distributed between the first three newly constituted smaller colonies. Each new colony was maintained in a glass tube half filled with water ( Figure 1C ), in a tray (34 cm × 23 cm × 3 cm) as usual and their meat and sugar food was located on the left and the right respectively of the nest entrance at 7 cm of distance. The fourth colony was not tested. At a precise time, a hollow green cube was set above the opening of the small glass tube containing the sugar water of each of the three
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Impact of Individuals' Foraging Activity
Three colonies of M. ruginodis were transferred into somewhat larger trays (42 cm × 27 cm × 7 cm) so that their food could be located as follows. For each colony, the sugar food was located to the right of the nest entrance while the meat food was on the left. For the first colony, the distance between the food sites and the nest entrance was 5 cm; for the second colony, this distance was 10 cm; for the third colony, the distance between food and nest entrance was 15 cm, the food being so nearly as distant as the colony cemeteries which are always established, by the ants, in one, some or all corners of the colony tray ( Figure 1D ). As explained above, training consisted in setting a hollow green cube above the opening of the small glass tube containing sugared water (sugar food). Ants progressively associated the green cube and the presence of sugar food, thus undergoing operant conditioning. As soon as the training apparatus were set in place, time was continuously checked and ants were tested, as detailed above, in the course of their conditioning acquisition, and then their conditioning loss (or potential loss) ( Table 2 ).
Impact of Individuals' Diet
Three colonies were used to examine the impact of individual diet on conditioning. For each of these colonies, the small tube containing the sugar water was removed and replaced by an identical small tube but filled with a given, experimental diet ( Figure 1E ).
For one colony, this diet consisted in tap water. The diet of the second colony was diluted sugared water (20% saccharose). For the third colony, the diet was a concentrated aqueous solution of sugar (60% saccharose). The experiments were performed with firstly a hollow green cube above the tube containing the aqueous solution (Figure 1Ea) , then, secondly, with a hollow yellow cube above the T. molitor larvae (Figure 1Eb) . Also, as a precaution, the colony having received tap water during the first experiment received 20% aqueous solution of saccharose in the course of the second experiment; that having received the diluted solution during the first experiment was given 60% solution of saccharose in the course of the second experiment; the colony having first received the more concentrated sugar solution then received only tap water. As soon as the hollow cubes were set in place, time was recorded and the tests performed, as previously until the ants reached their maximum conditioning score (Table 3) . The callow ants never acquired visual conditioning. Even after 58 hrs of training, they continued to hesitate when confronted with a hollow green cube on one hand and an empty branch on the other (Table 1 , second column). Middle aged ants very quickly acquired visual conditioning and reached the spectacular score of 90% after 70 hrs. After their training ended, they went on responding to the green cube, presenting a score of 85%, 85%, 80%, 90%, 85%, 85%, 80%, 34 hrs, 57 hrs, 86 hrs, 108 hrs, 154 hrs, 202 hrs, 369 hrs later respectively. Middle aged ants appeared so to have a strong visual memory. Very old ants had difficulty in acquiring visual conditioning. When tested, they often stopped and moved their head upon their arrival at the decision point of the Y-apparatus. After 43 hrs, they acquired a score of only 65% which thereafter decreased to 60% and 55%. They retained nothing of their weak conditioning.
Results
Impact of Individuals' Age on Their Conditioning Performance
Impact of Individuals' Foraging Activity on Their Conditioning Performance
A control experiment, conducted using the small colony collected in 2010 in the Aise valley, on non-conditioned ants, showed that such ants chose the empty branch of the Y maze as often as that with a hollow green cube (Table  2 , line 1). 192 hrs 12 vs 8 60% The cue at which ants were conditioned was set in place at 0 hrs for each colony and removed ( ) at 72 hrs, 96 hrs, 104 hrs respectively for colonies which food was presented at 5cm, 10 cm, 15 cm from the nest, so after full conditioning was achieved ( ).
All the trained ants could acquire operant conditioning but with different performances according to the foraging activity they need for collecting their food ( Figure 1D ).
When meat and sugar food was located very near the nest entrance ( Figure 1D , Left photo), ants presented a very short latency period (about 12 hrs) before acquiring a conditioning score of 85% in 48 hrs. Training then being stopped, the ants slowly lost their conditioning (in about three days) and kept 75% of it (Table 2 , second column).
Ants receiving their meat and sugar food at middle distance between their nest entrance and the borders of their foraging area ( Figure 1D , middle photo) presented a latency period of about 35 hrs and then acquired an operant conditioning of 80% in about three days (≈ 72 hrs). The training ending at that time, the ants kept their conditioning for a short time (about 10 -15 hrs), then lost it in about 20 hrs and kept 65% of it (Table 2 , third column).
The ants having their meat and sugar food far from their nest entrance (e.g. at nearly the same distance as their cemeteries) presented a relatively long latency period (about 3 days), then acquired conditioning with a score of www.ccsenet.org/ijb
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Impact of Diet on Individuals' Conditioning Performance
Again, control experiments showed that non-conditioned ants moved at random through a Y maze provided with a hollow green or yellow cube in one of its branches (Table 3 , control with each kind of cube).
The results regarding the consumption or the non-consumption of sugar by the ants were unexpected. When the hollow green cubes were set above the aqueous solutions provided, the ants receiving only tap water never acquired conditioning. At the beginning, they often walked quickly all around the provided water, and after one day, they scarcely came to drink the offered water. On the contrary, the ants receiving a 20% aqueous solution of saccharose very quickly acquired visual conditioning, moved quietly on the area and were often numerous in drinking the sugar water offered. The ants having a 60% aqueous solution of saccharose at their disposal very quickly acquired visual conditioning but reached a lower score than the ants consuming a more diluted solution (Table 3 , upper part). They were calm but not very numerous in drinking the solution offered. It was also observed that ants receiving only tap water ate an entire T. molitor larva in one day, while during that time, those having diluted sugar water ate only half a larva and the ants having a concentrated solution of sugar did not eat the larva which was found intact after one day. The non-acquisition of conditioning by the ants receiving no sugar may be due to the fact that the cube was set above tap water which is not a true reward for the ants. So, the experiment was reproduced using a yellow cube, this cube being set above the meat food. When hollow yellow cubes were set above the meat food, the results were similar to the previous ones: the ants receiving no sugar, though having in this case a true reward under the cues to memorize, never acquired visual conditioning, while the other ants acquired such conditioning perfectly. The latter ants' score was a little lower that the score obtained when rewarding the ants with sugared water, this being usual behavior for ants (M.-C. Cammaert, Rachidi, & D. Cammaerts, 2011) . As with the green cube above the sugar food, the ants receiving 20% sugared water reached a better (but not statistically better) score than those receiving 60% sugared water (Table 3 , lower part). It was continuously observed that more ants visited the 20% solution of sugar than the 60% one (Figures 1Ec, 1Ed) . 47 hrs 17 vs 3 85% 16 vs 4 80% 10 vs 10 50% E.g. either only tap water, or an aqueous solution of saccharose 20% or such a solution 60%, the element to which the ants should be conditioned (= CS) being set either above the water solution or above the meat continuously provided. A black circle ( ) indicates the acquisition of full conditioning and consequently the end of the training and the experiment. 
Discussion
The visual conditioning score and memory results obtained here are in agreement with those found during a detailed study of collective operant conditioning in the ant M. ruginodis (Cammaerts & Nemeghaire, 2012 ). The present work shows that conditioning is largely impacted by the age, the activity and the diet of the animals.
Age
Very young ants could not acquire conditioning. This situation exists while such ants stay inside the nest. However, during this time period, the size of the callow ants' mushroom bodies (a part of the ants' brain) increases (Gronenberg, Heeren, & Hölldobler, 1996) . So, during their first weeks of life, young ants may acquire knowledge thanks to mechanisms others than conditioning, such as imprinting and/or habituation. Indeed, it has been shown that they then become imprinted to the odor of their nest entrances (Cammaerts, 2013b) and, a little later, to the specific odor of their foraging area (Cammaerts, submitted) . It could be suggested that, for young ants, odors are perhaps more important than visual elements. Even though M. ruginodis middle-aged workers exclusively use their vision (Cammaerts et al., 2012a) , very young ants are more sensitive to their congeners' odor than to these conspecific ants' visual aspect (Cammaerts & Gosset, submitted) . Such an acquisition of knowledge thanks to imprinting and/or habituation, as well as such importance of the odors during the early time of life, may be the case for other animal species, even if later on, learning and visual elements become more important (wasps: Signoretti, Guscelli, Simonelli, d 'Ettorre, & Cervo, 2013; human beings: Ward Platt, 2009) . Conditioning acquisition ability is maximal when ants are middle-aged. This result is in agreement with the fact that ants of this age then learn their species' trail following behavior (Cammaerts, 2013c) and their specific alarm reaction (Cammaert, in press ). Old workers retain nothing of their poor, difficult conditioning. So, an obvious age-polyethism also exists for conditioning abilities as it exists for many social tasks (Hölldobler & Wilson, 1990) . In nature, Myrmica spp workers live for about three years, the young, middle-aged and old ones being about 1, 2 and 3 years old respectively, and a pronounced age-polyethism becomes automatically established in each colony.
This impact of age on animals' acquisition of long lasting knowledge is understood to occur in many species by ethologists and non-specialists, such as trainers or drillers of dogs or horses (Villers, 2013) and also by psychologists (Prull, Babrieli, & Bunge, 2000) .
Foraging Activity
When the ants had to find their food far from their nest, and were relatively more active in collecting food, they could not acquire efficient conditioning. The ants, which found their food quickly and easily, acquired efficient conditioning. This explains some common observations: for instance, during nest relocation, when ants have to rebuild some part of their nest, when sexuals are erratically moving in the foraging area, ready to fly away, it is practically impossible to obtain workers' conditioning. The ants are preoccupied by transporting larvae, by building or by protecting the alates respectively; they hardly forage and poorly acquire conditioning. This impact of activity, work or state of mind, on an animal's ability to acquire conditioning or knowledge is well known by drillers and trainers of several animal species. These persons select appropriate individuals and/or time periods for training or teaching (Villers, 2013) . It is also known that animals must be not perturbed by unusual environment for acquiring efficient conditioning (Pavlov, 1927) .
It must be precised that the colored hollow cube was a conditioned stimulus and not a visual cue which allowed ants navigating. To navigate, ants used cues located inside as well as outside of their tray, cues which were rather similar for the three experimented colonies and were constant in the course of the experiment.
From our results regarding the impact of ants' foraging activity on their conditioning (in fact their association between a perceived cue and the presence of food), it can be deduced that the elements located near the nest will be more easily memorized than those located far from the nest. This is logical since ants will encounter more often the cues located near the nest than those farther located. The ants will thus collect firstly any food found very near the nest, and only later that discovered far from the nest. Also, since cues located at greater distances are less memorized than the proximate ones and may change in the course of one trip, ants use chemical trails to help them returning to their nest after having collected food far from the nest or after having gone to cemeteries (Cammaerts, Morel, Martino, & Warzée, 2012b) . Such a deduction is valuable in the case of bees. For food sources located very near the nest, a simple eight dance is enough to help bees finding food and nest; when the food source is located far from the hive, a very informative waggle dance is necessary. In the latter case, bees use information about direction , distance and quality of food in order to situate the food and inform congeners about that location (von Frisch, 1946) .
Consumption of Sugar
The ants having received no sugary food could not be conditioned. Moreover, in this situation, four to ten very young ants died in three days. Sugary food appeared so to be essential, vital. This explains the natural diet of ants: they commonly eat aphids' honeydew, a highly sugared food (Leroy, Capella, & Haubruge, 2009) ; Myrmica spp workers were often seen on flowers, near the nectarines (personal observation). We presume that ants eating primarily seeds or meat (Passera & Aron, 2005 ) also look for some food containing carbohydrates and that leafcutter ants (same reference as above) find sugary elements in their common food.
On the other hand, several studies have shown the importance of glucose for efficient brain function (Lieberman, 2003) . Each nerve cell, in fact, uses essentially glucose in order to function. The direct impact of sugar consumption on memory has also been demonstrated (Calvaresi & Bryan, 2001 ). Our punctual results on ants' conditioning under different sugary food consumption conditions, find in the here above cited works, an obvious explanation.
